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Abstract: A novel cyclic olefin copolymer (COC)-based polymer optical fiber (POF) with a rectan-
gular porous core is designed for terahertz (THz) sensing by the finite element method. The numer-
ical simulations showed an ultrahigh relative sensitivity of 89.73% of the x-polarization mode at a 
frequency of 1.2 THz and under optimum design conditions. In addition to this, they showed an 
ultralow confinement loss of 2.18 × 10−12 cm−1, a high birefringence of 1.91 × 10−3, a numerical aperture 
of 0.33, and an effective mode area of 1.65 × 105 μm2 was obtained for optimum design conditions. 
Moreover, the range dispersion variation was within 0.7 ± 0.41 ps/THz/cm, with the frequency range 
of 1.0–1.4 THz. Compared with the traditional sensor, the late-model sensor will have application 
value in THz sensing and communication.  
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1. Introduction 
The characteristics of the wide-spectrum, strong-penetration, high-security terahertz 
(THz) wave have all-important applications in THz tomography [1,2], detection technol-
ogy [3,4], biomedical sensing [5–9], THz communication [10,11], polarization maintenance 
[12–14], nondestructive testing [15], and other fields. The THz functional device is based 
on the waveguide structure and is the premise to realize various application functions. It 
plays a crucial role in the development of a compact and powerful all-fiber THz system.  
In recent years, THz technology has made progress in optical fiber technology by 
realizing a variety of optical fiber functional devices, including the THz wave directional 
coupler [16,17], filter [18], beam splitter [19,20], optical switch [21], and the polarization 
controller [22,23]. Among them, the THz fiber device based on porous-core fiber has spe-
cial advantages [24–30]. The appearance of PCFs was an overturning innovation in optical 
fiber technology because PCFs not only have all-time performance but also can overcome 
the inherent limitations of standard optical fibers [31]. Compared with conventional opti-
cal fibers, PCFs are flexible in design and can adjust transmission characteristics by con-
trolling multiple geometric parameters. The light conduction mode of porous fiber is a 
total internal reflection mechanism. The microporous channel at the core of the PCF pro-
vides convenience for filling various functional materials for optical sensing [31–34]. 
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However, a THz wave is easily absorbed by dielectric materials, so it is critical to 
select low-loss materials for THz wave transmission. The measures to reduce the material 
loss mainly include the selection of background materials and the novel structure of pho-
tonic crystal fibers (PCFs), such as porous- or hollow-core photonic crystal fibers [35–37]. 
There are many polymer substrate materials used in polymer fiber, including cyclic olefin 
copolymer (COC), polytetrafluoroethylene (Teflon® or PTFE), polyethylene (PE), polyam-
ide-6 (PA6), polycarbonate (PC), polymethyl methacrylate (PMMA), cyclo-olefin polymer 
(COP), high-density polyethene (HDPE), and so on [38–42]. COC is a new kind of optical 
polymer material whose commercial name is TOPAS®. It is remarkable that due to its 
amorphous structure, TOPAS® has a tiny loss in the THz band, which is 1% of PMMA 
[43]. In recent years, the TOPAS® microstructural fiber for THz transmission was reported 
frequently [44–46]. Therefore, TOPAS®-based POFs have opened up a new area of fiber 
sensing. 
The rectangular porous-core POFs have powerful anisotropy which obtain outstand-
ing optical transmission properties, such as flat dispersion, high birefringence, low loss, 
large numerical aperture, and the like. Therefore, based on the above discussion, we de-
signed a TOPAS®-based terahertz sensor and used it to measure alcohol, combining the 
ethanol-filled rectangular microarray core and the modified hexagonal lattice cladding. 
As an important industrial raw material widely used in food, the chemical industry, the 
military industry, medicine and other fields [47,48], it is of great significance to determine 
the content of alcohol quickly, accurately, and sensitively. 
For the complex structure of a POF-based THz sensor, the transmission characteris-
tics of THz-PCFs are usually studied by the full-vector finite element method (FV-FEM) 
[49–51], the plane-wave method [52,53], an improved effective index method [54,55], the 
finite difference time domain method [56,57], the beam propagation method [58–60], and 
the multi-pole method [61–63]. Among these methods, the FV-FEM is best suited for cal-
culating the transmission characteristics of optical fibers. FV-FEM technology has the ad-
vantages of a short computation time, less computational memory, and accurate calcula-
tion results. 
In this work, a simulation analysis of a new-type TOPAS®-based THz sensor with a 
rectangular porous core is presented using the FV-FEM. The guiding properties, including 
birefringence, dispersion, confinement loss, and nonlinearity are studied thoroughly. It 
can be predicted that the ultrahigh relative sensitivity TOPAS®-based THz sensor has vast 
potential in the field of THz transmission and sensing. 
2. Design Methodology 
Figure 1 shows a design model consisting of the ethanol-filled rectangular microarray 
core and modified hexagonal lattice cladding. The background material is TOPAS®. 
TOPAS® is an amorphous, transparent copolymer with a cyclic olefin structure. Com-
pared with other optical polymers, it has desirable properties, such as low density, high 
refractive index, high transparency, strong heat resistance, small coefficients of thermal 
expansion, stable chemical properties, strong acid and alkaline resistance, and high me-
chanical flexibility. The background material used in the design model has a refractive 
index of 1.53. The diameter of the cladding air hole of the TOPAS®-based THz sensor is d, 
and the period is Λ. We used ethanol with a refractive index of 1.354 as the analyte and 
filled it with a rectangular porous core. The width and length of the rectangular porous 
core are noted as w and Li (i = 1, 2, 3). The extrusion, drilling–stretching, injection molding, 
and capillary stacking techniques, and the bulk polymerization process can be used to 
prepare POFs [64–66]. The advantage of these techniques is that the cross-sections of ar-
bitrary shapes and size can be obtained in the preform [67]. These properties of TOPAS® 
have opened up possibilities for sensing systems. 




Figure 1. Cross-section of TOPAS®-based THz sensor. The figure shows an enlarged view of the 
rectangular porous core of the sensor. The diameter of the cladding air hole of the TOPAS-based 
THz sensor is d, and the period is Λ. The width and length of the rectangular porous core are noted 
as w and Li (i = 1, 2, 3). 
The FEM skillfully combines approximation theory, the partial differential equation, 
and variation and functional analysis. The principle of the FEM is to simplify complex 
problems into a series of simple problems, according to the variational principle, which 
are widely used in aerospace, mechanical engineering, optical engineering and other 
fields. Next, we introduced the basic theory of the FV-FEM in analyzing the transmission 
of electromagnetic waves in optical fibers. 
Based on the anisotropic perfect matching layer (PML) condition, the following vec-
tor wave formula is obtained from Maxwell’s equations [49–51] 𝛻 × [𝑠] 𝛻 × 𝑬 − 𝑘 𝑛 [𝑠]𝜠 = 0 (1)
[𝑠] = 𝑠 /𝑠 0 00 𝑠 /𝑠 00 0 𝑠 𝑠  (2)
where E is the electric field, [s] is the perfect matching layer matrix, [s]−1 is a transposed 
matrix of [s], 𝑛 is the refractive index, and k0 is the wavenumber in free space. 
When the FV-FEM is used to simulate the TOPAS®-based THz sensor, a curvilinear 
hybrid nodal/edge unit is effective for precisely modeling curvilinear boundaries of holes 
and for avoiding spurious solutions. Dividing the cross-section of the TOPAS®-based THz 
sensor into some curvilinear hybrid nodal/edge units by the FEM, from Equation (1) we 
can obtain the standard eigenvalue equation [𝐾] 𝐸 = 𝑘 𝑛 [𝑀] 𝐸  (3)
where {E} is the discretized electric field vector, and [M] and [K] represent the finite ele-
ment matrices. 
The relative sensitivity of a TOPAS®-based THz sensor represents the sensitivity re-
sponse for the filling liquid, which can be expressed as [25] 𝑟 = 𝑛𝑛 × 𝑓 (4)
where nr and 𝑛 are the refractive indexes of the analyte and the guided mode. The f is 
the percentage of the total power by holes power. 
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𝑓 = 𝑅 𝐸 𝐻 − 𝐸 𝐻 𝑑𝑥𝑑𝑦𝑅 𝐸 𝐻 − 𝐸 𝐻 𝑑𝑥𝑑𝑦 × 100 (5)
where Ex,y and Hx,y represent x- and y- components of the electric field and magnetic field, 
respectively. 
The THz fiber with high birefringence can preserve the polarization of the lightwave 
in the fiber. It plays an extremely crucial role in the terahertz communication and sensing 
system, which requires a high-polarization state. The birefringence is expressed as [3] 𝐵 = |𝑛 − 𝑛 | (6)
where nx and ny are the effective refractive indexes of the x- and y-polarizations, respec-
tively. 
Dispersion is an extremely vital index to characterize the transmission characteristics 
of the fiber. The dispersion D(λ) of the TOPAS®-based THz sensor can be obtained from 
the refractive index values vs. the wavelength by using [68]: 𝐷 𝜆 = −𝜆𝑐 𝜕 𝑅𝑒 𝑛𝜕𝜆  (7)
The effective mode area represents the area involved in the interaction between ma-
terials and light intensity. The effective mode area has applications in laser and commu-
nication devices and optical nonlinear effects [66]. 𝐴eff = ∬|𝐸| 𝑑𝐴∬|𝐸| 𝑑𝐴  (8)
The confinement loss of the TOPAS®-based THz sensor is acquired from the follow-
ing formula [16]. 
14 ( ) [ ]eff
fConfinement loss Im n cm
c
π
− =  
 
 (9)
The TOPAS®-based THz sensor with a large numerical aperture (NA) has application 
value in optical sensing [25]. 𝑁𝐴 = 11 + 𝜋𝐴eff𝑓𝑐  (10)
3. Simulation Results and Analyses 
First, we analyzed the relation of the relative sensitivity of the TOPAS®-based THz 
sensor, with the frequency at period Λ = 390 μm, Λ = 400 μm, and Λ = 410 μm, where d/Λ 
= 0.90, w = 68 μm, as shown in Figure 2. It was noticed that the relative sensitivity was 
increased when the frequency was increased for a fixed Λ. The reason for this phenome-
non is that light confinement reaches an optimum position at 1.2 THz, and that a further 
increase in frequency causes the useful light to leak towards the cladding and also to the 
material [25]. Figure 2a shows the relation of the relative sensitivity of the x-polarization 
with period Λ. It is evident that for (frequency is abbreviated as f) f < 0.81 THz, the value 
of relative sensitivity is higher for higher Λ, and for f > 1.03 THz, the value of the relative 
sensitivity is higher for lower Λ. Figure 2b shows a result similar to Figure 2a, as when f 
< 0.86 THz, the relative sensitivity of the y-polarization increases with the increase in pe-
riod Λ, while when f > 0.91 THz, the relative sensitivity of the y-polarization reduces with 
the increase in period Λ. When f = 1.2 THz, the interaction between light and materials 
reaches its maximum d/Λ = 0.9, w = 68 μm and Λ = 390 μm. As the frequency increases 
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further, the interaction between light and materials decreases and the sensitivity of the 
TOPAS®-based THz sensor decreases. 
 
 
Figure 2. Frequency dependence of the relative sensitivity of (a) x- and (b) y-polarization for period 
Λ. 
Next, by fixing Λ = 390 μm and w = 68 μm while changing the air–filling ratio d/Λ, 
the dependence of relative sensitivity of the TOPAS®-based THz sensor on frequency was 
further studied. The simulation results are shown in Figure 3. From Figure 3a,b, we no-
ticed that the sensitivity increases at a certain air–filling ratio and then decreases. This is 
because, as the frequency increases, the effective refractive index of the guided mode in-
creases but the core power fraction does not increase after a particular frequency. Moreo-
ver, the relative sensitivity of the TOPAS®-based THz sensor with the variation of d/Λ was 
investigated. It was observed that the sensitivity of the x- and y-polarizations are added 
to if d/Λ is increased because that also increases the core power fraction. When the fre-
quency is 1.2 THz, the interaction between light and materials reaches its maximum, at Λ 
= 390 μm, w = 68 μm and d/Λ = 0.9. As the frequency increases further, the interaction 
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Figure 3. Frequency dependence of the relative sensitivity of (a) x- and (b) y-polarization for air–
filling ratio d/Λ. 
Additionally, we fixed Λ = 390 μm, and d/Λ = 0.90 and found that when the width of 
the rectangular porous-core (w) is varied, the dependence of the relative sensitivity of the 
x- and y-polarizations on frequency are also varied, as depicted in Figure 4. From Figure 
4a,b, it is found that the trend dependence on the frequency of the three curves is similar 
and close to each other. When the frequency is 1.2 THz, the interaction between light and 
materials reaches its maximum at Λ = 390 μm, d/Λ = 0.9, and w = 68 μm. This phenomenon 
can be interpreted as the following: the core power fraction may be closely related to the 
amount of analyte filled inside the core holes. 
























































Figure 4. Frequency dependence of the relative sensitivity of (a) x- and (b) y-polarization for the 
width of rectangular porous core (w). 
The performance of relative sensitivity with the variation of the length of rectangular 
porous core (Li) was also investigated, and is shown in Figure 5. It is found that the relative 
sensitivity of the x- and y-polarizations increase first and then decrease with Li. When the 
frequency is 1.2 THz, the interaction between light and materials reaches its maximum, at 
Λ = 390 μm, d/Λ = 0.9, w = 68 μm, L1 = 234 μm, L2 = 312 μm, and L3 = 390 μm. The reason 
may be closely related to the amount of analyte filled inside the core holes, which affects 
the core power fraction. Under the optimum design conditions, the relative sensitivity of 
the TOPAS®-based sensor in the x- and y-polarization modes at the frequency of 1.2 THz 
is 89.73% and 89.52%, respectively. The relative sensitivity of the proposed TOPAS®-based 
THz sensor is much higher than sensors in the references [25,69–76]. The primary causes 
for the high sensitivity of the proposed TOPAS®-based terahertz sensor are related to the 
selection of background materials (TOPAS®), the design of new fiber structures (modified 
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hexagonal lattice cladding and ethanol-filled rectangular microarray core), and the filling 
of functional materials (ethanol). 
 
 
Figure 5. Frequency dependence of the relative sensitivity of (a) x- and (b) y-polarization for the 
length of rectangular porous core (Li). 
In order to detect the amount of ethanol in food and various environments simply 
and efficiently, we changed the effective refractive index of analyte in the porous core. 
Figure 6a,b illustrate the relative sensitivity of the x- and y-polarizations with the fre-
quency at a different effective refractive index. It was found that the maximum relative 
sensitivity is obtained at n = 1.364. Meanwhile, we also observed that the tendency de-
pendence of the three curves on the frequency is similar, and the difference is very obvi-
ous. The above results indicate that the sensor is very sensitive to the analyte measure-
ment. 
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Figure 6. Frequency dependence of the relative sensitivity of (a) x- and (b) y-polarization for refrac-
tive index of analyte. 
High-birefringence fibers have application value in optical communication, fiber sen-
sors, and high-precision optical instruments. Figure 7 reveals the variation of the birefrin-
gence as a function of frequency under optimum conditions. It was found that the bire-
fringence is sensitive to the varying frequency. It was seen that the birefringence is about 
1.91 × 10−3 at the frequency of 1.2 THz, which is comparable to previous reports 
[16,68,73,77]. The high birefringence of the sensor can be obtained by introducing asym-
metric defects such as a porous core. This kind of high-birefringence TOPAS®-based THz 
fiber with a porous core provides a new scheme for THz polarization controllers. 























































Figure 7. The relation of birefringence with frequency. 
The technical problems to be considered in designing THz waveguides are mainly to 
realize low loss and flat dispersion in THz transmission, so as to replace the control of 
THz transmission of traditional optical devices in free space, and to finally promote the 
development of a compact THz system. Additionally, Figure 8 shows the properties of 
dispersion in the frequency domain for the optimum conditions Λ = 390 μm, d/Λ = 0.90, 
and w = 68 μm. It was observed that the dispersion variation is within 0.7 ± 0.41 ps/THz/cm 
in the frequency domain of the 1–1.4 THz range, which is lower than the references [10,78]. 
 
Figure 8. The relation of dispersion with frequency. 
A low effective mode area is applicable to optical nonlinear effects, while a large ef-
fective mode area is applicable to laser communication and optoelectronic devices. The 
numerical aperture (NA) is a crucial physical quantity of the TOPAS®-based terahertz 
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sensor, which can be obtained by adding the refractive index difference between the core 
and the cladding of the POF. As shown in Figure 9, we simulated the effective mode area 
and NA in the frequency domain for the optimum design conditions Λ = 390 μm, d/Λ= 
0.90, and w = 68 μm. It was distinctly discovered that the effective mode area decreases in 
the low-frequency domain and then increases in the high-frequency domain. Moreover, 
from the results, the effective mode area is 1.65 × 105 μm2, and the numerical aperture is 
about 0.33 at 1.2 THz. However, most previously designed sensors ignored the effective 
mode area [69,70,76–81] and numerical aperture [10,71–76,78–81] of the PCF. 




























Figure 9. The relation of effective mode area and numerical aperture with frequency. 
The ultralow-loss THz fibers with the flattened dispersion have an important appli-
cation prospect in imaging, sensing, communication, and nondestructive testing. Based 
on the function device of the low-loss THz waveguide, the necessary components of the 
THz system were constructed. Figure 10 illustrates the confinement loss of the suggested 
TOPAS®-based THz sensor for the optimum design parameters. It can be found that the 
confinement loss decreases with the increase in frequency. The reason for the phenome-
non is that the guided mode is powerfully constrained in the position of the rectangular 
porous core in a high-frequency domain. It can be seen that the THz fiber with a rectan-
gular porous core integrates subwavelength air holes with a high duty ratio, which can 
reduce the material absorption loss well. The simulated confinement loss is 2.18 × 10−12 
cm−1, which is better than the previous references at optimal conditions [10,25,70–
72,74,75,78,79]. 




Figure 10. The relation of constraint loss with frequency. 
Figure 11 shows the mode field distribution of the x- and y-polarizations for the sug-
gested TOPAS®-based THz sensor, when Λ = 390 μm, d/Λ = 0.90, and w = 68 μm. As can 
be seen from Figure 9, the light field is firmly restrained at the core of POF, indicating that 
the rectangular porous core produces an index of discrepancy between the x- and y-po-
larization modes based on the anisotropy of POF. 
 
(a) 



























Figure 11. Mode field distribution of x- (a) and y-polarization (b) for the suggested TOPAS®-based 
THz sensor. The circles are a cross-section of the air holes in the cladding. 
4. Conclusions 
In summary, we numerically investigated a new TOPAS®-based THz sensor in the 
THz region. At optimal design parameters, the sensor exhibits an ultrahigh relative sensi-
tivity of 89.73%, an ultralow confinement loss of 2.18 × 10−12 cm−1, a high birefringence of 
1.91 × 10−3, a large numerical aperture of 0.33, and the flattened dispersion of 0.7 ± 0.41 
ps/THz/cm. Moreover, it is feasible to fabricate the sensor by using the existing optical 
fiber fabrication technology. Therefore, based on the excellent sensing characteristics and 
design flexibility of the TOPAS®-based THz sensor, these results will create a new win-
dow for next-generation THz technology and will play a significant role in the food in-
dustry, environmental science, safety monitoring, biomedical industry, and other fields.  
Author Contributions: Methodology, K.L., Y.G. and N.C.; conceptualization, K.L.; Y.G. and N.C.; 
project administration, P.J. and L.C.; formal analysis, Q.X., A.J. and P.J.; writing—review and edit-
ing, Q.X. and A.J.; writing—original draft, W.L. and L.C. All authors have read and agreed to the 
published version of the manuscript. 
Funding: This work is supported by the National Natural Science Foundation of China (Grant No. 
11547247), International Science and Technology Cooperation and Exchanges Project of Shaanxi 
(Project No: 2021KW-39), and Natural Science Basic Research Program of Shaanxi (Project No: 
2021JQ-800). 
Institutional Review Board Statement: Not applicable. 
Informed Consent Statement: Not applicable. 
Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 
Acknowledgments: We thank Adam Jones and Ed Miller for their linguistic assistance in the prep-
aration of this manuscript. 
Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the 
manuscript, or in the decision to publish the results. 




1. Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 2007, 1, 97–105. 
2. Takayanagi, J.; Jinno, H.; Ichino, S.; Suizu, K.; Yamashita, M.; Ouchi, T.; Kasai, S.; Ohtake, H.; Uchida, H.; Nishizawa, N.; et al. 
High-resolution time-of-flight terahertz tomography using a femtosecond fiber laser. Opt. Express 2009, 17, 7533–7539. 
3. Rutz, F.; Hasek, T.; Koch, M.; Ewert, U. Terahertz birefringence of liquid crystal polymers. Appl. Phys. Lett. 2006, 89, 221911. 
4. Tian, K.; Li, J.; Yang, X. A novel method of micro-doppler parameter extraction for human monitoring terahertz radar network. 
Int. J. Antennas Propag. 2020, 2020, 1–13. 
5. Madhavan, P.; Thamizharasi, T.; Ranjith, K.M.V.; Suresh, K. Numerical investigation of temperature dependent water infiltrated 
D-shaped dual core photonic crystalfiber (D-DC-PCF) for sensing applications. Results Phys. 2019, 13, 102289. 
6. Islam, M.R.; Mohammad, R.I.; Md Moinul, I.K.; Fariha, M.; Jubair, A.C.; Mohibul, I. Design of a fabrication friendly & highly 
sensitive surface plasmon resonance-based photonic crystal fiber biosensor. Results Phys. 2020, 19, 103501. 
7. Shin, H.J.; Oh, S.J.; Kim, S.I. Conformational characteristics of beta-glucan in laminarin probed by terahertz spectroscopy. Appl. 
Phys. Lett. 2009, 94, 111911. 
8. Arifin, A.; Agustina, N.; Dewang, S.; Idris, I.; Tahir, D. Polymer optical fiber-based respiratory sensors: Various designs and 
implementations. J. Sens. 2019, 2019, 1–6. 
9. Zhao, R.; Lu, G.; Yin, H.; Liang, J.; Zeng, D.; Xiao, H. Terahertz sensor study based on spoof surface plasmon polaritons. Int. J. 
Antennas Propag. 2020, 2020, 1–13. 
10. Islam, R.; Habib, S.; Hasanuzzaman, G.K.M.; Rana, S.; Sadath, M.A.; Markos, C. A novel low-loss diamond-core porous fiber 
for polarization maintaining terahertz transmission. IEEE Photonics Technol. Lett. 2016, 28, 1537–1540. 
11. Krumbholz, N.; Gerlach, K.; Rutz, F. Omnidirectional terahertz mirrors: A key element for future terahertz communication 
systems. Appl. Phys. Lett. 2006, 88, 202905. 
12. Xiao, H.; Li, H.; Wu, B.; Jian, S. Polarization-maintaining terahertz bandgap fiber with a quasi-elliptical hollow-core. Opt. Laser 
Technol. 2018, 105, 276–280. 
13. Hasan, M.R.; Anower, M.S.; Hasan, M.I.; Razzak, S.M.A. Polarization maintaining low-loss slotted core kagome lattice THz 
fiber. IEEE Photonics Technol. Lett. 2016, 28, 1751–1754. 
14. Islam, M.S.; Sultana, J.; Dinovitser, A.; Faisal, M.; Rakibul, M.; Ng, B.W.-H.; Abbot, D. Zeonex-based asymmetrical terahertz 
photonic crystal fiber for multichannel communication and polarization maintaining applications. Appl. Opt. 2018, 57, 666–672. 
15. Stoik, C.D.; Bohn, M.J.; Blackshire, J.L. Nondestructive evaluation of aircraft composites using transmissive terahertz time do-
main spectroscopy. Opt. Express 2008, 16, 17039–17051. 
16. Xu, Q.; Li, K.; Copner, N.; Lin, S. An ultrashort wavelength multi/demultiplexer via rectangular liquid-infiltrated dual-core 
polymer optical fiber. Materials 2019, 12, 1709. 
17. Zhu, Y.; Huang, X.; Ke, Q.; Liu, G.; Rao, C.; Kong, D.; Mei, S.; Liu, Y.; Wang, H. Low loss and polarization-insensitive coupling 
length for a terahertz fiber directional coupler with symmetric dual-suspended core structure. Opt. Commun. 2021, 480, 126497. 
18. Yuan, J.; Ning, T.; Li, H.; Pei, L.; Li, J.; Zheng, J.; Wan, L. Terahertz filters based on subwavelength polymer waveguide. Results 
Phys. 2019, 13, 102198. 
19. Roggero, U.F.S.; Hernández-Figueroa, H.E. Polymeric power splitters for multiplexing optical biosensors. Opt. Laser Technol. 
2020, 127, 106127. 
20. Wang, B.; Tian, F.; Liu, G.; Bai, R.; Li, L.; Yang, X.; Zhang, J. A dual-core fiber for tunable polarization splitters in the terahertz 
regime. Opt. Commun. 2021, 480, 126463. 
21. Yakasai, I.K.; Abas, P.E.; Suhaimi, H.; Begum, F. Low loss and highly birefringent photonic crystal fibre for terahertz applications. 
Optik 2020, 206, 164321. 
22. Bai, J.; Ge, M.; Wang, S.; Yang, Y.; Li, Y.; Chang, S. Characteristics of a liquid-crystal-filled composite lattice terahertz bandgap 
fiber. Opt. Commun. 2018, 419, 8–12. 
23. Kim, S.; Kee, C.; Lee, C.G. Modified rectangular lattice photonic crystal fibers with high birefringence and negative dispersion. 
Opt. Express 2009, 17, 7952-7957. 
24. Pinto, A.R.; Lopez-Amo, M. Photonic crystal fibers for sensing applications. J. Sens. 2012, 2012, 1–21. 
25. Sultana, J.; Islam, M.S.; Ahmed, K.; Dinovitser, A.; Ng, B.W.-H.; Abbott, D. Terahertz detection of alcohol using a photonic 
crystal fiber sensor. Appl. Opt. 2018, 57, 2426–2433. 
26. Stawska, H.I.; Popenda, M.A.; Bereś-Pawlik, E. Anti-resonant hollow core fibers with modified shape of the core for the better 
optical performance in the visible spectral region—A numerical study. Polymers 2018, 10, 899. 
27. Chaudhary, V.S.; Kumar, D. TOPAS based porous core photonic crystal fiber for terahertz chemical sensor. Optik 2020, 223, 
165562. 
28. Abdullah-Al-Shafi, M.; Sen, S. Design and analysis of a chemical sensing octagonal photonic crystal fiber (O-PCF) based optical 
sensor with high relative sensitivity for terahertz (THz) regime. Sens. Bio-Sens. Res. 2020, 29, 100372. 
29. Qin, J.; Zhu, B.; Du, Y.; Han, Z. Terahertz detection of toxic gas using a photonic crystal fiber. Opt. Fiber Technol. 2019, 52, 101990. 
30. Paul, B.K.; Ahmed, K. Highly birefringent TOPAS based single mode photonic crystal fiber with ultra-low material loss for 
Terahertz applications. Opt. Fiber Technol. 2019, 53, 102031. 
31. Liu, Q.; Li, S.; Shi, M. Fiber Sagnac interferometer based on a liquid-filled photonic crystal fiber for temperature sensing. Opt. 
Commun. 2016, 381, 1–6. 
Materials 2021, 14, 4921 15 of 16 
 
 
32. Sun, B.; Chen, M.; Zhang, Y.; Zhou, J. Polarization-dependent coupling characteristics of metal-wire filled dual-core photonic 
crystal fiber. Opt. Quantum Electron. 2015, 47, 441–451. 
33. Fan, Z.; Li, S.; Liu, Q.; Chen, H.; Wang, X. Plasmonic broadband polarization splitter based on dual-core photonic crystal fiber 
with elliptical metallic nanowires. Plasmonics 2016, 11, 1565–1572. 
34. Benabid, F.; Knight, J.C.; Antonopoulos, G.; Russell, P.S.J. Stimulated Raman scattering in hydrogen-filled hollow-core photonic 
crystal fiber. Science 2002, 298, 399–402. 
35. Sultana, J.; Islam, M.S.; Atai, J.; Islam, M.R.; Abbott, D. Near-zero dispersion flattened, low-loss porous-core waveguide design 
for terahertz signal transmission. Opt. Eng. 2017, 56, 076114. 
36. Hassani, A.; Dupuis, A.; Skorobogatiy, M. Low loss porous terahertz fibers containing multiple subwavelength holes. Appl. Phys. 
Lett. 2008, 92, 071101. 
37. Islam, M.R.; Kabir, M.F.; Talha, K.M.A.; Islam, M.S. A novel hollow core terahertz refractometric sensor. Sens. Bio-Sens. Res. 2019, 
25, 100295. 
38. Jin, Y.S.; Kim, G.J.; Jeon, S.G. Terahertz dielectric properties of polymers. J. Korean Phys. Soc. 2006, 49, 513–517. 
39. Pakarzadeh, H.; Rezaei, S.M.; Namroodi, L. Hollow-core photonic crystal fibers for efficient terahertz transmission. Opt. Com-
mun. 2019, 433, 81–88. 
40. Wang, D.; Chen, G.; Wang, L. Thermal tunability of photonic bandgaps in liquid crystal filled polymer photonic crystal fiber. 
Opt. Fiber Technol. 2016, 29, 95–99. 
41. D’ Angelo, F.; Mics, Z.; Bonn, M.; Turchinovich, D. Ultra-broadband THz time-domain spectroscopy of common polymers using 
THz air photonics. Opt. Express 2014, 22, 12475–12485. 
42. Argyros, A. Microstructured polymer optical fibers. J. Light.Technol. 2009, 27, 1571–1579. 
43. Khanarian, G. Optical properties of cyclic olefin copolymers. Opt. Eng. 2001, 40, 1024–1029. 
44. Hassani, A.; Gauvreau, B.; Fehri, M.F.; Kabashin, A.; Skorobogatiy, M. Photonic crystal fiber and waveguide-based surface 
plasmon resonance sensors for application in the visible and near-IR. Electromagnetics 2008, 28, 198–213. 
45. Zhou, W.; Li, K.; Wei, Y.; Hao, P.; Chi, M.; Liu, Y.; Wu, Y. Ultrasensitive label-free optical microfiber coupler biosensor for 
detection of cardiac troponin I based on interference turning point effect. Biosens. Bioelectron. 2018, 106, 99–104. 
46. Rifat, A.A.; Ahmed, R.; Yetisen, A.K.; Butt, H.; Sabouri, A.; Mahdiraji, G.A.; Yun, S.H.; Adikan, F.R.M. Photonic crystal fiber 
based plasmonic sensors. Sens. Actuators B Chem. 2007, 243, 311–325. 
47. Møller, U.; Merbold, H.; Folkenberg, J.R.; Jepsen, P.U. Determination of alcohol concentration in aqueous solutions and food 
analysis using reflection terahertz time-domain spectroscopy. Joint 32nd International Conference on Infrared and Millimeter 
Waves and the 15th International Conference on Terahertz Electronics, Cardiff, UK, 2-9 Sept. 2007, pp. 1–2.  
48. Qian, W.; Zhao, C.; He, S.; Dong, X.; Zhang, S.; Zhang, Z.; Jin, S.; Guo, J.; Wei, H. High-sensitivity temperature sensor based on 
an alcohol-filled photonic crystal fiber loop mirror. Opt. Lett. 2011, 36, 1548–1550. 
49. Koshiba, M.; Saitoh, K. Structural dependence of effective area and mode field diameter for holey fibers. Opt. Express 2003, 11, 
1746–1756. 
50. Koshiba, M.; Saitoh, K. Numerical verification of degeneracy in hexagonal photonic crystal fibers. IEEE Photonics Technol. Lett. 
2001, 13, 1313–1315. 
51. Saitoh, K.; Koshiba, M. Full-vectorial imaginary-distance beam propagation method based on a finite element scheme: Appli-
cation to photonic crystal fibers. IEEE J. Quantum Electron. 2002, 38, 927–933. 
52. Zhu, Z.; Brown, T. Analysis of the space filling modes of photonic crystal fibers. Opt. Express 2001, 8, 547–554. 
53. Arriaga, J.; Knight, J.C.; Russell, P.S.J. Modeling the propagation of light in photonic crystal fibers. Phys. D Nonlinear Phenom. 
2004, 189, 100–106. 
54. Rastogi, V.; Chiang, K.S. Holey optical fiber with circularly distributed holes analyzed by the radial effective-index method. Opt. 
Lett. 2003, 28, 2449–2451. 
55. Knight, J.C.; Birks, T.A.; Russell, P.S.J. Properties of photonic crystal fiber and the effective index model. J. Opt. Soc. Am. A 1998, 
15, 748–752. 
56. Zhu, Z.; Brown, T.G. Full-vectorial finite-difference analysis of microstructured optical fibers. Opt. Express 2002, 10, 853–864. 
57. Qiu, M. Analysis of guided modes in photonic crystal fibers using finite difference time domain method. Microw. Opt. Technol. 
Lett. 2001, 30, 40–42. 
58. Feit, M.D.; Fleck, J.A., Jr. Light propagation in graded-index optical fiber. Appl. Opt. 1978, 24, 3990–3998. 
59. Xiao, J.; Sun, X. A Modified full-vectorial finite-difference beam propagation method based on H-fields for optical waveguides 
with step-index profiles. Opt. Commun. 2006, 266, 505–511. 
60. Xie, K.; Boardman, A.D.; Xie, M.; Yang, Y.J.; Jiang, H.M.; Yang, H.J.; Wen, G.J.; Li, J.; Chen, K.; Chen, F.S. A Simulation of longi-
tudinally magnetized three-dimensional magneto-optical devices by a full-vectorial beam propagation method. Opt. Commun. 
2008, 281, 3275–3285. 
61. White, T.P.; Kuhlmey, B.T.; Mcphedran, R.C.; Maystre, D.; Renversez, G.; Sterke, C.M.D.; Botten, L.C. Multipole method for 
microstructured optical fibers. Ι. Formulation. J. Opt. Soc. Am. B 2002, 19, 2322–2330. 
62. Kuhlmey, B.T.; White, T.P.; Renversez, G.; Maystre, D.; Botten, L.C.; Sterke, C.M.D.; Mcphedran, R.C. Multipole method for 
microstructured optical fibers. II. implementation and results. J. Opt. Soc. Am. B 2002, 19, 2331–2340. 
63. White, T.P.; Mcpherdran, R.C.; Botten, L.C. Calculations of air-guided modes in photonic crystal fibers using the multipole 
method. Opt. Express 2001, 9, 721–732. 
Materials 2021, 14, 4921 16 of 16 
 
 
64. Large, M.C.J.; Ponrathnam, S.; Argyros, A.; Pujari, N.S.; Cox, F. Solution doping of microstructured polymer optical fibers. Opt. 
Express 2004, 12, 1966–1971. 
65. Wang, J.; Yang, X.; Wang, L. Fabrication and experimental observation of monolithic multi-air-core fiber array for image trans-
mission. Opt. Express 2008, 16, 7703–7708. 
66. Zhang, Y.; Li, K.; Wang, L.; Ren, L.; Zhao, W.; Miao, R.; Large, M.C.J.; Eijkelenborg, M.A.V. Casting preforms for microstructured 
polymer optical fibre fabrication. Opt. Express 2006, 14, 5541–5547. 
67. Eijkelenborg, M.A.V.; Argyros, A.; Barton, G.; Bassett, I.M.; Fellew, M.; Henry, G.; Issa, N.A.; Large, M.C.J.; Manos, S.; Padden, 
W.; et al. Recent progress in microstructured polymer optical fibre fabrication and characterisation. Opt. Fiber Technol. 2003, 9, 
199–209. 
68. Xu, Q.; Miao, R.; Zhang, Y. Highly nonlinear low-dispersion photonic crystal fiber with high birefringence for four-wave mixing. 
Opt. Mater. 2012, 35, 217–221. 
69. Arif, M.F.H.; Ahemd, K.; Asaduzzaman, S.; Azad, M.A.K. Design and optimization of photonic crystal fiber for liquid sensing 
application. Photonic Sens. 2016, 6, 279–288. 
70. Asaduzzaman, S.; Ahemd, K. Microarray-core based circular photonic crystal fiber for high chemical sensing capacity with low 
confinement loss. Opt. Appl. 2017, 47, 41–49. 
71. Asaduzzaman, S.; Ahmed, K. Proposal of a gas sensor with high sensitivity, birefringence and nonlinearity for air pollution 
monitoring. Sens. Bio-Sens. Res. 2016, 10, 20–26. 
72. Ademgil, H. Highly sensitive octagonal photonic crystal fiber based sensor. Optik 2014, 125, 6274–6278. 
73. Ademgil, H.; Haxha, S. PCF based sensor with high sensitivity, high birefringence and low confinement losses for liquid analyte 
sensing applications. Sensors 2015, 15, 31833–31842. 
74. Rana, S.; Kandadai, N.; Subbaraman, H. A highly sensitive, polarization maintaining photonic crystal fiber sensor operating in 
the THz regime. Photonics 2018, 5, 41–49. 
75. Islam, M.S.; Sultana, J.; Dinovitser, A.; Dinovitser, A.; Ahmed, K.; Islam, M.R.; Faisal, M.; Ng, B.W.-H.; Abbott, D. A novel 
Zeonex Based Photonic Sensor for Detection in Beverages. In Proceedings of the 2017 IEEE International Conference on Tele-
communications and Photonics, Dhaka, Bangladesh, 26–28 December 2017; pp. 114–118. 
76. Asaduzzaman, S.; Ahmed, K.; Bhuiyan, T.; Farah, T. Hybrid photonic crystal fiber in chemical sensing. SpringerPlus 2016, 5, 748 
77. Paul, B.K.; Islam, M.S.; Ahmed, K.; Asaduzzaman, S. Alcohol sensing over O + E + S + L + U transmission band based on porous 
cored octagonal photonic crystal fiber. Photonic Sens. 2017, 7, 123–130. 
78. Hasan, M.R.; Islam, M.A.; Anower, M.S.; Razzak, S.M.A. Low-loss and bend-insensitivity terahertz fiber using a rhombic-shape 
core. Appl. Opt. 2016, 55, 8441–8447 
79. Habib, M.A.; Anower, M.S. Low loss highly birefringent porous core fiber for single mode terahertz wave guidance. Curr. Opt. 
Photonics 2018, 2, 215–220. 
80. Singh, S.; Kaur, V. Photonic Crystal Fiber Sensor Based on Sensing Ring for Different Blood Components: Design and Analysis. 
In Proceedings of the 2017 Ninth International Conference on Ubiquitous and Future Networks, Milan, Italy, 4–7 July 2017; pp. 
399–403. 
81. Islam, M.S.; Sultana, J.; Rifat, A.A.; Dinovitser, A.; Ng, B.W.-H.; Abbott, D. Terahertz sensing in a hollow core photonic crystal 
fiber. IEEE Sens. J. 2018, 18, 4073–4080. 
